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Abstract.

In this study, we use a cloud model to simulate dehydration which occurs due to
formation of optically thin, laminar cirrus as air rises slowly across the tropopause.
The slow ascent and adiabatic cooling, which balances the radiative heating near
the tropopause, drives nucleation of a very small number of ice crystals (< 1 L™1).
These crystals grow rapidly and sediment out within a few hours. The clouds
never become optically thick enough to be visible from the ground. The ice crystal
nucleation and growth prevents the relative humidity with respect to ice (RHI) from
rising more than a few percent above the threshold for ice nucleation (RH I, ~110-
160%, depending upon the aerosol composition); hence, laminar cirrus can limit
the mixing ratio of water vapor entering the stratosphere. However, the ice number
densities are too low and their sedimentation is too rapid to allow dehydration of
the air from RH I, down to saturation (RHI = 100%). The net result is that air
crosses the tropopause with water vapor mixing ratios about 1.1 to 1.6 times the ice
saturation mixing ratio corresponding to the tropopause temperature, depending
on the threshold of ice nucleation on aerosols in the tropopause region. If the
cross-tropopause ascent rate is larger than that calculated to balance radiative
heating (0.2 cm s71), then larger ice crystal number densities are generated, and
more effective dehydration is possible (assuming a fixed temperature). The water
vapor mixing ratio entering the stratosphere decreases with increasing ascent rate
(approaching the tropopause ice saturation mixing ratio) until the vertical wind
speed exceeds the ice crystal terminal velocity (about 10 cm s™!). More effective
dehydration can also be provided by temperature oscillations associated with wave
motions. The water vapor mixing ratio entering the stratosphere is essentially
controlled by the tropopause temperature at the coldest point in the wave. Hence,
the efficiency of dehydration at the tropopause depends upon both the effectiveness
of upper tropospheric aerosols as ice nuclei and the occurrence of wave motions
in the tropopause region. In situ humidity observations from tropical aircraft
campaigns and balloon launches over the past several years have provided a few
examples of ice-supersaturated air near the tropopause. However, given the scarcity
of data and the uncertainties in water vapor measurements, we lack definitive
evidence that air entering the stratosphere is supersaturated with respect to ice.

water in the lower stratosphere is radiatively important
in the infrared due to the low temperatures [Clough et
al., 1992]. Water vapor is also critical for chemical pro-
cesses in the stratosphere. The composition of sulfate
aerosols and the formation of polar stratospheric clouds
are controlled by water vapor concentration [Hamill et
al., 1977; Toon et al., 1989a]. These aerosol and clo4d

1. Introduction

Water vapor is the dominant greenhouse gas in the
Earth’s atmosphere. Even though the water vapor con-
" centrations are relatively low above the tropopause, the
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particles, in turn, play key roles in destruction of strato-
spheric ozone [Solomon et al., 1986]. Motivated by the
importance of water vapor to stratospheric processes,
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considerable effort has been focused on understanding
the stratospheric water budget.

The dominant sources of water vapor in the strato-
sphere are upward transport of relatively humid air
across the cold tropical tropopause and oxidation of
methane in the middle stratosphere. These sources
are thought to contribute roughly equally to the 5-6
ppmv of water vapor present in the middle stratosphere
[Dessler, 1998]. In the tropical lower stratosphere, air
has recently entered the stratosphere from the tropo-
sphere, and methane oxidation has not yet contributed
to the water vapor concentration. In this region the wa-
ter vapor mixing ratio is very low (about 2.5-4 ppmv
[Hintsa et al., 1999]). Invariably, the explanation given
for these low water vapor mixing ratios is that as air
crosses the cold tropical tropopause it is “freeze-dried”
to the low ice saturation mixing ratios there. (In this
paper we define the tropopause as the height of the
temperature minimum, since this is the critical loca-
tion for the dehydration processes. Also, since we are
focusing on the extremely cold tropical tropopause in
this paper, all saturations and humidities discussed are
with respect to ice.) Analyses of the stratospheric wa-
ter vapor budget generally compare the ice saturation
water vapor mixing ratio corresponding to the observed
tropopause temperatures to the observed water vapor
mixing ratios in the lower stratosphere [e.g., Dessler,
1998; Newell and Gould-Stewart, 1981; Weinstock et
al., 1995]. There is little doubt that the water mixing
ratio in the lower tropical stratosphere must, to some
degree, be controlled by the tropopause temperature.
However, the details of how air enters the stratosphere
and how dehydration occurs are not well understood.

A simple two-dimensional (latitude-height) view of
the atmosphere would imply slow transport of air from
the troposphere into the stratosphere in the tropics
[Brewer, 1949]. The dehydration could then be ex-
plained by widespread formation of ice clouds at the
tropopause. This simplified view was previously dis-
counted since ubiquitous, extensive cirrus were not ob-
served near the tropical tropopause [Robinson, 1980].
Also, it was argued that dehydration of air to the
observed stratospheric water vapor mixing ratios can
only occur in particular regions of the tropics where
the tropopause temperatures are low enough [Newell
and Gould-Stewart, 1981]. Hence, it was argued that
most of the flux of air into the stratosphere occurs
in the “stratospheric fountain” regions of the west-
ern Pacific, northern Australia, and India. Further,
it was suggested that much of the flux of air into
the stratosphere and the dehydration is attributable
to direct injection by strong convective systems that
overshoot the tropopause [Robinson, 1980; Danielsen,
1993]. Sherwood and Dessler, [2000] recently presented
a mechanism for dehydration in vigorous convective
overshoots. However, the issue of how air enters the
stratosphere (via direct, localized convective injection
or slow, widespread ascent) remains unresolved.
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Recent lidar observations have shown that optically
thin, laminar cirrus are very common near the tropical
tropopause [e.g., McFarguhar et al., 2000; Winker and
Trepte, 1998]. These clouds provide a possible mecha-
nism for dehydration associated with large-scale ascent
across the tropopause. The conceptual model of air ris-
ing slowly across the tropopause throughout the trop-
ics is supported by the high relative humidities [Jensen
et al., 1999] and high frequency of laminar, optically
thin cirrus occurrence [Wang et al., 1996] throughout
the tropics near the tropopause. Also, radiative trans-
fer calculations suggest that under clear-sky conditions,
the tropopause region (14-20 km) is radiatively heated.
On average, the heating rates of the order of 0.5 K d~!
(see calculations discussed below) must be balanced by
adiabatic cooling associated with a mean vertical ascent
of a few millimeters per second.

Recent in situ measurements in the upper tropo-
sphere have shown that substantial supersaturations
with respect to ice can exist without nucleation of ice
crystals [Heymsfield et al., 1998; Jensen et al., 1998a;
Gierens et al., 1999]. Clear-sky relative humidities with
respect to ice as high as 160% were observed. The
field observations of ice supersaturation are consistent
with recent laboratory studies which have shown that
ice supersaturations of about 60% are required to ini-
tiate homogeneous freezing of sulfate aerosols at upper
tropospheric temperatures [Koop et al., 1998]. Hence,
the assumption that air entering the lower stratosphere
will necessarily be dehydrated to the saturation mixing
ratio as it crosses the tropopause is suspect. It is pos-
sible that air crossing the tropical tropopause may be
supersaturated with respect to ice, thus allowing more
water vapor to enter the stratosphere than assumed in
the earlier assessments.

The efficiency of dehydration by cloud formation de-
pends upon several coupled factors including the num-
ber of ice crystals nucleated, how large the crystals
grow, the fall speed of the ice crystals, and cloud life-
times [Jensen et al., 1996]. A range of scenarios are pos-
sible: If the ice crystals do not grow large enough to fall
relative to the rising air, then they will simply sublimate
as the air rises into warmer regions in the stratosphere,
and no net dehydration will occur. If enough ice crys-
tals form to deplete the vapor in excess of saturation,
and the crystals fall rapidly, then the water vapor mix-
ing ratio will be effectively reduced to the tropopause
saturation mixing ratio. A third possibility is that ice
nucleation and growth prevents the relative humidity
with respect to ice (RHI) from increasing more than a
few percent beyond the critical value for initiation of ice
nucleation (RH I.,.), but relatively few ice crystals nu-
cleate and they fall out before the RHI can be reduced
substantially below RH I,,.. Of course, the relative su-
midity of air entering the stratosphere may range from
100% to RHI,,., depending on the number density of
ice crystals nucleated.
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In a previous study, we modeled the potential for de-
hydration due to ice cloud formation driven by grav-
ity waves at the tropopause [Jensen et al., 1996]. In
this study, we use a microphysical-dynamical model
to evaluate the potential for freeze-drying of air ris-
ing slowly across the tropical tropopause. The sen-
sitivity of the water vapor mixing ratio entering the
stratosphere to ascent rate and RH I, is analyzed with
one-dimensional simulations, and the influence of wave-
driven temperature oscillations on the cloud forma-
tion and dehydration processes is evaluated with two-
dimensional (2-D) simulations. In addition, we have
gathered in situ observations of humidity from past air-
craft campaigns to search for evidence of supersatura-
tion near the tropical tropopause.

2. Simulations of Freeze-Drying Driven
by Slow Ascent

To simulate the formation of ice clouds in slowly ris-
ing air, we use a detailed microphysical model previ-
ously used in several ice cloud studies [e.g., Jensen et
al., 1998]. Two particle types are included: sulfate solu-
tion (H2SO04/H>0) haze particles and ice crystals. For
each particle type, 40 radius bins are included span-
ning the ranges 0.04 ~ 3.2 pm for sulfate aerosols, and
0.2 - 66 pm for ice crystals. For the sulfate aerosols,
we assume a lognormal size distribution with a num-
ber density of 1000 cm™*, mode radius of 0.04 pm,
and standard deviation of 1.2 based on in situ mea-
surements in the tropical upper troposphere [Brock et
al., 1995; Clarke, 1992]. As previous modeling studies
have shown [e.g., Jensen and Toon, 1994], the ice crys-
tal number density generated by homogeneous freezing
of sulfate aerosols is very insensitive to the aerosol size
distribution; sensitivity tests showed that changing the
size distribution had negligible effects on the model re-
sults. A vertical domain extending from 14 to 19 km is
used, with a vertical resolution of 20 m.

Ice crystal growth rates and sedimentation rates are
calculated as described by Jensen et al. {1994]. A depo-
sition coeflicient (or mass accommodation coefficient) of
unity is assumed. For calculating rates of ice nucleation
in sulfate aerosols, we use the expressions recommended
by Tabazadeh et al. [2000]. This parameterization is
designed to match laboratory measurements of sulfuric
acid solution aerosol freezing [Koop et al., 1998]. The
formulation predicts aerosol freezing at ice supersatura-
tions of about 60% at typical tropical tropopause tem-
peratures (< ~75°C). The primary difference between
the model used here and that used in our earlier study

. [Jensen et al., 1996] is that we previously used an ice
nucleation model that predicted sulfate aerosol freezing
at much smaller ice supersaturations (<10%).

Longwave and shortwave radiative fluxes and heat-
ing rates are calculated with a two-stream code [Toon
et al., 1989b] coupled to the model. Ice crystal single-
scattering properties are calculated with a Mie scatter-
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ing code. The combined microphysics-radiative transfer
model allows us to simulate all of the processes crit-
ical for this problem: ice nucleation, crystal deposi-
tion growth and sublimation, sedimentation, radiative
heating, and vertical advection. As we will show, the
clouds which form in slowly rising air at the tropical
tropopause have very low ice water contents (< 10 pg
m~3%). As a result, the radiative and latent heating in
the clouds do not drive thermal instability or substan-
tial secondary motions in the cloud. A few 2-D simula-
tions were run with an eddy-resolving dynamical model
to verify our assertion that convective motions are not
generated in the clouds. We used a 50 km horizon-
tal grid with 50 m grid spacing and periodic horizontal
boundary conditions. No significant secondary circula-
tions were generated due to the cloud radiative heating.
Hence, we use a 1-D model for the simulations described
below.

The initial temperature, water vapor, relative hu-
midity, and vertical wind speed profiles used in the
model are shown in Figure 1. The thermal struc-
ture is specified based on ER-2 temperature profiles
from the Stratosphere-Troposphere Exchange Project
(STEP) [Russell et al., 1993]. The initial water vapor
mixing ratio profile is specified such that the RHI is
near 100% at the tropopause. The vertical motion is
specified such that the adiabatic cooling rate equals the
radiative heating rate at each vertical level. The calcu-
lated daytime radiative heating rate is negative (cool-
ing) below about 14.7 km, and positive (heating) above
this level, with a maximum radiative heating rate of
about 0.3 K d~! near the tropopause. The vertical wind
speed profile required to balance this heating crosses
zero at 14.7 km and has a maximum value of w = 0.2
cm s~! at the tropopause. The sharp discontinuities in
w at 16.7 and 17 km are associated with the disconti-
nuities in temperature lapse rate at these heights. At
each time step in the simulation, we calculate the radia-
tive heating rate (including cloud radiative heating) and
recalculate the vertical wind speed accordingly. With
this imposed vertical motion, the temperature in the
simulation remains approximately constant with time.

The calculated radiative heating rate depends upon
several assumptions, including surface temperature, wa-
ter vapor concentration profile, ozone mixing ratio pro-
file, and the temperature profile. Given uncertainties
in these parameters, a reasonable range of peak heat-
ing rates is about 0.1 — 1 K d™!, corresponding to a
range in the peak vertical wind speed of about 0.06 —
0.6 cm s~!. Given the insensitivity of our results to w in
this range discussed below, the uncertainty in radiative
heating rate should not affect our conclusions.

The vertical eddy diffusion coefficient is set to 10%
cm?-s~! such that diffusion has very little impact on the
simulation. At the bottom of the model where w <3 0
and at the top of the model where w > 0, we allow water
vapor and particles to advect across the model bound-
aries. Advection of particles and water vapor is treated
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cooling balances the radiative heating.

assuming that any vertical divergence/convergence is
balanced by horizontal convergence/divergence. This
assumption is consistent with holding the atmospheric
density profile constant with time.

If we allow the water vapor profile to evolve due to ad-
vection alone (i.e, without allowing ice nucleation), then
the imposed ascent above 14.7 km results in increasing
humidity with time due to the negative gradient in wa-
ter vapor mixing ratio with height. Below 14.7 km the
subsidence drives the water vapor mixing ratio down-
ward. After several days, air with unrealistically high
water vapor mixing ratios exceeding 5 ppmv would be
transported into the stratosphere if no clouds formed.

Results for the baseline simulation including ice nu-
cleation are shown in Plate 1. When the RHI exceeds
about 160% (at about 4 days), the sulfate aerosols begin
to freeze, resulting in nucleation of ice crystals. The ice
number densities are very low (no larger than 0.5 L)
due to the large barrier to nucleation of ice in aerosols
and the very slow cooling rates. As a result, the crystals
grow to radii of 10-25 pm, with resulting fall speeds of
about 1.7-10 cm s~!. The crystals fall out of the su-
persaturated region near the tropopause within a few
hours. As soon as the ice crystals sediment out of the
tropopause region, the RHI builds up again until an-
other nucleation event occurs. After about 70 hours,
new ice crystals nucleate as fast as they are depleted

by sedimentation. The peak zenith optical depth in
the cloud gets no larger than about 3 x 10™*, which is
well below the threshold for cloud visibility (approxi-
mately 0.03 [ Sassen et al. 1989]). The ice nucleation
and growth prevents the RHI from substantially exceed-
ing the threshold for ice nucleation (RH I,y ~ 160%).
However, owing to the low ice number density and rapid
sedimentation, the crystal growth does not deplete the
vapor in excess of saturation. The net result is that air
enters the stratosphere with a water vapor concentra-
tion about 1.6 times the tropopause saturation water
vapor mixing ratio. The buildup of water at about 15.5
km apparent in the bottom graph of Plate 1 is caused
by sublimation of falling ice crystals.

As has been demonstrated in previous modeling stud-
ies [Jensen and Toon, 1994; DeMott et al., 1997], the
ice number density generated by homogeneous freezing
of sulfate aerosols increases rapidly with increasing ver-
tical wind speed. Hence, one would expect that with
higher ascent rates, more ice crystals would nucleate,
and the clouds might more effectively dehydrate the air.
To examine this sensitivity, we have run a series of sim-
ulations with the vertical wind speed profile increased
by factors ranging from 2 to 200 (corresponding to p4ak
vertical wind speeds ranging from 0.4 to 20 cm s~ ). In
these simulations, we held the temperature profile fixed
so we could isolate the impact of the cloud on water va-
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Plate 1. Results from the baseline simulation with RH I, = 160%. The graphs (from top to
bottom) show ice water content, ice crystal number density, RHI, and H>O mixing ratio versus 5
time and height. The horizontal line at 16.75 km indicates the tropopause location. Sporadic

ice nucleation and growth limits the RHI at the tropopause to about 160%, but the ice number
densities are too low to reduce RHI down to near 100%.
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profile was held constant in these simulations.

por mixing ratio flux into the stratosphere. In reality,
such sustained large vertical wind speeds would cool the
tropopause region.

The evolution of water vapor mixing ratio just above
the tropopause in these simulations is shown in Plate 2.
Figure 2 shows the water vapor mixing ratio entering
the stratosphere (averaged over the final 3 days of the
simulation) versus the peak vertical wind speed. For
peak vertical wind speeds less than about 1 cm s,
the ice crystal number density is still too low to reduce
RHI substantially below RHI,,., so the mixing ratio
entering the stratosphere is essentially independent of

w. For larger values of w, enough ice crystals nucleate
such that crystal growth starts to reduce the RHI well
below RH I, toward 100%. However, in these simula-
tions a cloud cycle was established: When RHI reaches
RH Iy, ice crystals are nucleated. The crystals rapidly
grow and reduce RHI below RHI,,. (shutting off fur-
ther ice nucleation), eventually driving the RHI down
to near 100%. Then the crystals fall out and the RHI
builds up again, eventually reaching RHI,,,. and trig-
gering another cloud cycle. The period of the cycle is
of the order of 1 day. This type of sporadic nucleation
has been noted in past modeling studies [e.g., Sassen
and Dodd, 1989]. The net effect is that the average
H»>O mixing ratio entering the stratosphere falls some-
where between the tropopause saturation mixing ratio

The water vapor mixing ratio just above the tropopause is plotted versus time from
simulations with peak vertical wind speeds ranging from 0.2 to 20 cm s—1.

The temperature

and 1.6 times this value. As we continue to increase the
peak vertical wind speed above 10 cm s™!, the ascent
rate approaches and exceeds the crystal fall speed. In
these simulations, the ice crystals are advected into the
stratosphere and eventually sublimate at temperatures
well above the tropopause temperature. As a result,
the water vapor mixing ratio above the tropopause is in
excess of 5.5 ppmv.
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Figure 2. Water vapor mixing ratio just above the
tropopause averaged over the final 3 hours of the si6-
ulation is plotted versus peak vertical wind speed. The
arror indicates the vertical wind speed in balance with
clear-sky radiation. See text for discussion.
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The actual ice supersaturation required for ice nu-
cleation in the tropical tropopause region is not well
known. The value of RHI,,. depends upon the pres-

ence of substances other than sulfuric acid in the aerosols.

Nitric acid or ammonia may alter the aerosol freez-
ing properties [Tabazadeh and Toon, 1998; Tabazadeh
et al., 2000}, and insoluble components in the aerosols
such as mineral particles, soot particles, or precipitated
salt crystals would act as heterogeneous freezing sites,
thus reducing RHI,,. [DeMott et al., 1997]. Murphy et
al. [1998] showed that many aerosols near the tropical
tropopause are not pure sulfuric acid. Hence, the actual

ice supersaturation required for nucleation on the most .

effective nuclei may be much lower than that required
for freezing of sulfuric acid aerosols.

To evaluate the impact of variations in RHI,,,. on
the potential for dehydration, we have run several sim-
ulations with RHI,,. ranging from 110 to 160%. The
results are listed in Table 1 and plotted in Figure 3.
The ice crystal number density reached in the simula-
tions increases rapidly with decreasing RH I,,,,.. When
the first few crystals nucleate at higher supersaturation,
these crystals grow more rapidly and quickly deplete the
vapor before more aerosols can freeze. Even for the low-
est RH I,y values used, the ice number density remains
relatively low (< 100 L~!), and the ice clouds dehydrate
the air to values only slightly below RH I,,,,.. Hence, the

water vapor mixing ratio stratospheric entry value in-
creases approximately linearly with RHI,,.. For the

range of RHI,,. considered (110-160%), the water va-
por mixing ratio entering the stratosphere ranges from
about 3.3 to 4.6 ppmv. The corresponding range in
tropopause temperature (assuming air had to cross the
tropopause at the saturation mixing ratio) would be
~84° t0 -82.3°C.

The peak optical depth decreases rapidly with in-
creasing RH I,,., primarily due to the decreasing ice
number density. However, even for very small values of
RH Iy, the clouds formed always remain too optically
thin to be visible from the ground. The range of optical
depths calculated in these simulations is typical of the
laminar cirrus observed near the tropopause during the
Central Equatorial Pacific Experiment (CEPEX) [Me-
Farquhar et al., 2000].

Table 1. Dehydration Sensitivity to RH I,
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3. Influence of Waves on the
Freeze-Drying Process

It is no doubt unrealistic to assume that ascent across
the tropopause occurs purely at a slow, steady rate.
Wave motions with a wide range of temporal and spatial
scales have been observed near the tropical tropopause.
These waves include small-scale disturbances driven by
Kelvin-Helmholtz instabilities with periods less than 10
min [Pfister et al., 1986), gravity waves with periods
ranging from hours to days [Pfister et al., 1993; Karoly
et al., 1996], and Kelvin waves with periods of weeks
[Tsuda et al., 1994]. Peak-to-peak vertical parcel ex-
cursions in these waves are typically of the order of a °
few hundred meters. The important influence of the
waves on the processes under consideration here is the
oscillation in temperature and relative humidity with
time. In particular, since the vertical motion and cool-
ing that balance the mean radiative heating are very
small (< 0.6 cm s71), waves with vertical wind speed
amplitudes of 0.5 cm s~ or larger will drive substantial
local enhancements in cooling rate.

Investigation of the impact of the gravity waves on
the cloud structure and dehydration process requires
multidimensional simulations. For this purpose, we
have run 2-D simulations with a horizontal domain large
enough to encompass one cycle of the gravity wave, and
periodic horizontal boundary conditions. Based on the
ER-2 measurements of gravity wave signatures in time-
series of wind speed and temperature [Pfister et al.,
1986, 1993], we have run simulations with periods of
2 and 24 hours. Gravity wave perturbations in verti-
cal and horizontal wind speed are specified using the
expressions given by Gill [1982]:

w' = wcos(kz + mz — wt),

®

u' = —w% cos(kz + mz — wt), (2)

where w is the vertical wind speed amplitude; k and
m are the horizontal and vertical wavenumbers, respec-
tively; and w is the wave frequency. The horizontal
wavelengths used in the 2- and 24-hour simulations are
50 km and 500 km, respectively. The vertical wave-
length is 2.2 km. Since we are only concerned with

Simulation Notes RHIue, % Npes 1,71 Teff, pm Tmaz H,0? pprov
No ice nucleation N.AP N.A. N.A. N.A. >6

110 ' 28 8-14 0.0036 333

120 3.5 12-16 0.00091 3.56

130 11 13-17 0.00056 3.88

140 051 14-17 0.00036 4.16

150 0.26 15-18 0.00021 4.45
Baseline 158 0.15 15-18 0.00012 4.69 7

aStratospheric entry value.
bPN.A denotes not applicable.
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Figure 3. (a) The evolution of water vapor mixing ratio 100 m above the tropopause is plotted
versus time for simulations with no ice nucleation and various values of RH I,,.. The right axis
shows the tropopause temperatures such that the saturation mixing ratio would equal the H,O
mixing ratios on the left axis. (b) Summary of results from simulations using a range of values for
the threshold relative humidity with respect to ice (RH I,,,.). The water vapor mixing ratio just
above the tropopause (solid line), the peak ice number density (dotted line), and the maximum
cloud visible optical depth (dashed line) are plotted versus RH I,y

the effects of the wave in a narrow vertical region near
the tropopause, the vertical variations in wavenumber
and amplitude are not important for this study. A ver-
tical wind speed amplitude of 10 cm s~ is used for
the 2-hour wave simulation, and an order of magnitude
smaller amplitude is used in the 24-hour wave case such
that the vertical displacement amplitudes of the waves
are approximately equal. The wave amplitude is al-
lowed to build up linearly with time during the first
4 and 48 hours of the 2-hour wave and 24-hour wave
simulations, respectively.

A time step of 100 s is used for the transport cal-
culations. Smaller substeps are used for the micro-

physics calculations. A variable time-step is used for
the microphysics calculations: The microphysics sub-
step size is determined such that particle concentrations
do not change by more than 20% during the time step.
This scheme results in many microphysics substeps be-
ing taken within a particular dynamics time step when
rapid microphysical processes such as ice nucleation oc-
cur. The horizontal grid sizes are 50 m and 500 m in
the 2-hour and 24-hour wave simulations, respectively.

Plate 3 shows the vertical wind speed pattern in igie
2-D domain at 15 hours in the 2-hour wave simula-
tion. A wave pattern is apparent with an amplitude
of about 10 cm s~! and a vertical wavelength of 2.2
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Plate 3. The vertical wind speed is shown versus horizontal and vertical distance at 15 hours
into the simulation with a 2-hour oscillating forcing at the lower boundary. A gravity wave
pattern is evident with a vertical wavelength of about 2.2 km.

km. The resulting peak-to-peak amplitude of the tem-
perature oscillation is about 2-3 K. This amplitude is
consistent with gravity wave temperature oscillations
observed with the ER-2 (typically 1-6 K peak-to-peak)
[Pfister et al., 1986, 1993, 2001]. Note that we are also
imposing a slow rising mean motion in balance with the
radiative heating as in our 1-D simulations described
above.

The cloud ice water content at three times in the 2-
hour wave simulation is shown in Plate 4. The wave
perturbation in temperature causes a horizontal rela-
tive humidity variation of about 30-40%. Ice nucleation
occurs first at the coldest point in the wave when the
RHI reaches RHI,,. (about 160% in this case). Even
with the increased cooling rate due to the gravity wave,
the ice number densities in the cloud are still very low
(< 2 L7Y) due to the high threshold for ice nucleation.
Since the wave oscillation is not sufficient to drive the
air parcels below ice saturation (RHI=100%), the ice
crystals do not sublimate in the warmer phase of the
wave, and about one wave period (2 hours) after the
initial ice nucleation, ice crystals are present across the
entire horizontal wavelength. The primary effect of this
high-frequency wave on the cloud structure is to cause
an undulation in the cloud layer. In simulations with
larger wave amplitudes, the air is subsaturated in the
warm phase of the wave, so ice is only present at the

cold wave crests. As in our baseline simulation with-
out waves, the ice nucleation and growth prevents the
humidity of air crossing the tropopause from exceeding
RHI,,., but the crystals sediment out before the RHI
is decreased very far below RH I, ..

Given the larger horizontal wavelength and smaller
heating amplitude used in the 24-hour wave simulation,
the resulting vertical wind speed field develops a pattern
very similar to that shown in Plate 3, except that the
wind speeds are about an order of magnitude smaller.
Plate 5 shows the cloud structure at three times in the
24-hour wave simulation (again using RH I, = 160%).
In this case, the gravity wave has a large impact on the
cloud structure. Similar to laminar cirrus observed dur-
ing the Tropical Ozone Transport Experiment - Vortex
Ozone Transport experiment [Pfister et al., 2001], the
cloud is tilted by the wave. Ice crystals are nucleated
sporadically at the crest of the wave (where RHI is high-
est). These crystals grow and fall out of the supersatu-
rated layer within several hours; hence, in the warmest
phase of the wave, little or no ice remains. Note that
the horizontal /vertical aspect ratio of Plate 5 is 10 times
larger than Plate 4. The clouds actually have very high
horizontal/vertical aspect ratios in both simulations,

The impact of the waves in these simulations on the
water vapor mixing ratio of air entering the stratosphere
is shown in Figure 4. Even though the wave motions are
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and wind speed (arrows) are plotted versus horizontal and vertical distance at 45, 50, and 60
hours in the 2-hour wave simulation. Cause an undulation in the cloud layer, but ice crystals are
present across the entire wavelength.

WG (ug'm’

WC (pgm’)

IWC (pug/m’)

T



JENSEN ET AL.: DEHYDRATION AT THE TROPOPAUSE 17,247

Z2d4-hour wawve 1.1 cmds
45.0 hours L214.0 crvis

T . 1.\_'1'.'""-.\_'--.\_'--._',-.\_\.-—._‘ L~y —, =, L, r
. e e W e e W W me  m
- T, Ty T T e T, Ty, T e e, e e W T W me
o 5 - R . —1H-q_-g_‘-1=_—- R ey e e, Py, ""EDW
e e o e el g = -]
ey W, W, me - . et X
- T, e, T, e
i T, P - - 5 e =y 10000
D i, S 5 o =
s i e i & 5.00
. H-h.--."“--h""--h‘-."-h.,-n-..-h..h-.. = 2.00
1.00

18

- ‘—\-‘--.‘-—..‘-1-.“—-"‘—\-.—\- .
ey e, g e R R R, my

l-lﬂ.ﬂﬂ

e g
16 e m ma e W e W el

I e T

— e Ty, S, S, e, e, S m =
R .

Hesght (lom)

. T TR T T, T, Ty, T, T Sm S 0,50
1 — - - — —\._—\.__—n..,-—._‘—\_“‘w..__ i
L —— L - - - L. —\_--\_w'-ﬁ ‘l .—\--\—-. ] D_m
e i S _ - — E__n_\__IE\_':'“__
W S s - e --.*-—...:g—: = 010
e, S, W W WL L wme, omey - 3 3 L e L
PE ey ==V = e, e, me, ma - 0.05

Horizonal Dkstance (km)

54.0 hours L2283 cvis

o PR B . T il
. —— - S g - PR I R
e, W W WL e me s, . % o R e Pl i R g .
T e e e e e I iy » e
e T,
N e, R WL R WL W W me o= o

— = =

. e e, wm
e T, e ‘ig‘"—. [ —— 10000
£ e
=, "f L i T e e — L 5.00
E g Ty T, T, T = - zm
=] T, Ty, T, T, Ty, T e = 3
i b T e 1-m
e e g, e ey, gy Ty, Tem
= B 2 ey e, e e e e Sl e S ﬂ_m
ok g, i M e B e = e T T e —
e, T T T me m me, o R
e R — el N | [ - =T e ==
e gy, Ty, i, i o
— . el 0.10
... -L_I:M'-—.-h.-n—: 0.05
1] 100 200 Bl 400 S0
Horizonal Distanca (krm)
1.2 omis
96.0 hours L228.2 crvs
B = e —‘-1-.—|-\.-.—_\—r*'--‘-|—#-|-:,._-|.- — - Py -'\—|'-'|_|'I'\-I-|_\.'I'\-I-\_‘.F'|.\_‘-‘_‘.-._\_ L = —
= L T T e e e e Ty, T, em e e, T '—-.--.._--.._'h._ -ﬂﬂm
Ty Wy = e e e T e T, T, Tum Tm B e B Tt -
TTT-‘“‘ e e O s 1 S 20,00
——— e i T = = .
1? — — "—--"—-_ '\—-__-—.,_-—._--._-\._, r—i—
e e = ""'?' : —

e, B, W, £ . =
e gy T — U e
e I"'l-\.""'--"-----"\'-.'.":_ -
1.]31"1-\_‘*-;"-\—‘"*-\_"1-\_--\_-‘ T
e e, e e P, e, P

L e e
A .

5.00
2.00

.Wl‘

- - -

1g
—— e m =

Ty, T, Ty, T, TRm T W 1m

T—— Ty Ty, Ty, Ty, Ty, T, S

= — iy, T, gy, Sy, Ty, e, mem m ﬂ.ﬁ'ﬂ

T s - =y "-.-I-.."\—..*-\—.--l-.*-\_\_._ﬂ.-"-.

5 T ——— e ——— 0.20
- T =

Haight (k)
-

|

- - -

e 010

R m, w, w. ':-'IDE
1] 100 200 00 400 500

Plate 5. Same as Plate 4, but at 45, 54, and 90 hours in the 24-hour wave simulation.

IWE (ug/m’)

IWC (pgim")

IWC (ugm’)



17,248

== NO gravity wave
mmeme 2-hr wave
oz 24-hr wave

Dashed: No ice nucleation
Solid: With ice nucleation ”

L}
el

H,O mixing ratio entering stratosphere (ppmv)

P-4 S T I RS S
0 2 4 6 8 10
Time (days)
Figure 4. The horizontally averaged water vapor

mixing ratio just above the tropopause is plotted versus
time for simulations without waves, and with 24- and 2-
hour waves. In the simulations with gravity waves, the
mixing ratio is controlled by the minimum temperature
in the wave, which is colder than the mean tropopause
temperature. Hence, the air is dehydrated to lower wa-
ter vapor mixing ratios with wave-driven temperature
oscillations than without waves.

insufficient to generate large ice number densities {and
rapid depletion of water vapor in excess of saturation),
they do result in considerable reductions in the flux of
water into the stratosphere. The cause of this reduction
is that air parcels entering the stratosphere through the
gravity wave have their water vapor mixing ratios lim-
ited to (RHI,,./100) times the saturation mixing ratio
corresponding to the gravity wave minimum tempera-
ture. Since the minimum temperature in the wave is 1-
2 K lower than the mean tropopause temperature, less
water passes through the tropopause when the waves
are present. Of course, larger amplitude waves would
result in even greater reductions in water vapor mixing
ratio entering the stratosphere.

4. Observations of Relative Humidity
Near the Tropical Tropopause

The modeling analysis described above suggests that
air may remain supersaturated with respect to ice as it
rises across the tropopause. This result raises the ques-
tion of whether supersaturated air has been observed
near the tropical tropopause. To address this issue, we
have gathered in situ water vapor measurements made
with both aircraft-borne and balloon-borne instruments
over the past several years. The flight locations, instru-
mentation, and relevant references are listed in Table 2.
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Discrepancies of the order of 10-25% between H,O
measurements made with the National Oceanographic
and Atmospheric Administration (NOAA) Lyman « in-
strument, the Harvard Lyman o instrument, and the
cryogenic hygrometers have been documented [Dessler
et al., 1995]; to date these discrepancies are not entirely
resolved. However, Hintsa et al. [1999] recently vali-
dated the Harvard Lyman a measurements by painstak-
ing calibration and in-flight comparison with the Jet
Propulsion Laboratory diode laser hygrometer. Since
the Harvard instrument generally reported higher hu-
midities than the NOAA Lyman a or the cryogenic hy-
grometers, humidities from the later instruments should
perhaps be treated as underestimates. For this analysis,
we will simply assume that these water vapor measure-
ments yield absolute relative humidity uncertainties of
the order of 10-20%.

Based on these tropical tropopause humidity mea-
surements, we have generated a frequency distribution
of RHI measurements within 100 m of the tropopause
(Figure 5). The ER-2 measurements were all made dur-
ing ascent, descent, or in dips so the tropopause loca-
tion could be estimated from the time series of tem-
perature and altitude measurements. The majority of
the measurements indicated tropopause RHI values be-
tween about 60 and 100%. Of the 40 profiles, only 6
indicated tropopause relative humidities well above ice
saturation. An example of a profile indicating super-
saturation at the tropopause is shown in Figure 6a.
It is difficult to argue that the high supersaturations
were a result of measurement bias in a particular in-
strument since highly supersaturated conditions at the
tropopause were detected in particular profiles with all
of the water vapor instruments used in the different
experiments (see Table 2). However, it is important
to remember that accurate calculation of humidity re-
quires very accurate temperature measurements. An
error in the ambient temperature (or frost point tem-
perature for the cryogenic hygrometer) measurement of
about 1 K would result in an RHI error of about 20%.
Also, during some of these measurements, cirrus were
present. Ice crystals may have entered the instruments
and sublimated, resulting in anomalously high water va-
por mixing ratio measurements. Given the small num-
ber of observations and the difficulty of accurately mea-
suring relative humidity, these supersaturation observa-
tions provide only limited support for the existence of
supersaturated air crossing the tropopause. However,
the observations certainly do not discount this possibil-
ity.

The data also indicate that the humidity at the tropo-
pause is often well below ice saturation. One of these
relatively dry profiles is shown in Figure 6b. If we
assume that humid air is injected into the upper tro-
posphere by deep convection and this air subseque 5y
rises slowly across the tropopause, then the RHI at the
tropopause should be near (or above) saturation. Air
parcels likely cross the tropopause on trajectories only
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Table 2. In Situ RHI Measurements
Experiment® Instrument Date Latitude, Longitude  Ztrop Tirop RHI® RHIn02°
STEP NOAA Lyman o Jan 13, 1987 10°S, 140°E 16.98  -89.2 124-170 170
STEP NOAA Lyman o  Jan 18,1987 10°S, 140°E 1629 -840 70-91 95
STEP NOAA Lyman o Jan. 22, 1987 10°S, 140°E 16 51  -85.4 79-102 147
STEP NOAA Lyman ad Jan. 23, 1987 10°S, 140°E 16.52 -84.5 91-109 142
STEP NOAA Lyman at Jan 29, 1987 10°8, 140°E 16 38 -84.2 52-75 96
STEP NOAA Lyman o¢  Jan. 31, 1987 10°S, 140°E 16.64  -83.3 65-69 122
STEP NOAA Lyman o  Feb 2, 1987 10°S, 140°E 16.84  -85.8 68-98 146
STEP NOAA Lyman o  Feb 3, 1987 10°S, 140°E 16.97 -83.5 64-77 94
STEP NOAA Lyman o®  Feb. 8, 1987 10°S, 140°E 1625  -84.5 90-101 100
STEP NOAA Lyman od  Feb 12, 1987 10°S, 140°E 16.81  -83.9 62-81 95
AAOE NOAA Lyman a Aug. 12, 1987 10°N, 85°W 15.72 -79.9 58-72 116
CEPEX Cryogenic® March 7, 1993 9°S, 160°E 1668  -90.1 35-76 93
CEPEX Cryogenic® March 12, 1993 2°S, 179°E 17 63 -89 3 140-141 147
CEPEX Cryogenic® March 13, 1993  2°S, 178°W 17.31  -875 67-75 129
CEPEX Cryogenic® March 13, 1993 2°S, 175°W 17 50 -86 8 87-102 101
CEPEX Cryogenic® March 14, 1993 2°S, 171°W 16 84 -87 2 88-109 109
CEPEX Cryogenic® March 15,1993  2°S, 167°W 17.28 -838 44-66 84
CEPEX Cryogenic® March 16, 1993  2°S, 163°W 1700 -836 48-51 63
CEPEX Cryogenic® March 17, 1993 1°S, 159°W 1724 -84.7 51-73 73
CEPEX Cryogenic® March 20, 1993 2°N, 157°W 16.94 -81.1 68-94 98
CEPEX Cryogenic® March 22, 1993 2°N, 157°W 1735  -79.6 32-44 115
CEPEX Cryogenic® March 24, 1993  2°N, 157°W 1584 -809 103-141 141
CEPEX . Cryogenic® March 24, 1993 2°N, 157°W 16 05 -791 61-78 91
CEPEX Cryogenic® March 26, 1993  2°N, 157°W 1756  -79.5 34-39 67
ASHOE NOAA Lyman o March 21, 1994 0°N, 158°W 173 -787 33-43 48
ASHOE NOAA Lyman o®  March 22, 1994  7°S, 159°W 16 4 -795 41-48 43
ASHOE NOAA Lyman o March 22, 1994 11°8, 159°W 157 -776 50-66 68
ASHOE NOAA Lyman o Oct 26, 1994 1°N, 159°W 173 -855 112-119 129
ASHOE NOAA Lyman o Oct. 29, 1994 1°S, 159°W 16 2 -831 74-82 87
STRAT Harvard Lyman of  Nov. 5, 1995 1°N, 160°W 174 -821 91-100 100
STRAT Harvard Lyman of Nov 5, 1995 2°N, 160°W 175 -83.8 119-132 132
STRAT Harvard Lyman o Feb 13, 1996 0°N, 155°W 16 6 -86 2 79-109 113
STRAT Harvard Lyman of  Feb 13, 1996 1°N, 155°W 16.6 -86.9 76-106 110
STRAT Harvard Lyman of  Aug 1, 1996 1°N, 159°W 16.7 -825 96-98 102
STRAT Harvard Lyman of  Aug. 1, 1996 1°N, 159°W 168  -827  77-106 106
STRAT Harvard Lyman of  Aug 8, 1996 6°N, 155°W 17.0 -77.4 36-64 64
STRAT Harvard Lyman of  Aug. 8, 1996 8°N, 156°W 16.6 -77.5 54-64 79
STRAT Harvard Lyman o Dec. 11, 1996 1°N, 155°W 174 -87.1 106-129 141
POLARIS Harvard Lyman of  Sep. 23, 1997 2°S, 159°W 17.6 -76.9 36-46 59
POLARIS Harvard Lyman of  Sep. 23, 1997 0°S, 159°W 17.8 -79.6 61-69 69

aExperiments are as follows: Stratosphere-Troposphere Exchange Project (STEP), Airborne Antarctic Ozone Experiment
(AAOE), Central Equatorial Pacific Experiment (CEPEX), Airborne Southern Hemisphere Ozone Experiment (ASHOE),
Stratospheric Tracers of Atmospheric Transport (STRAT), and Photochemistry of Ozone Loss in the Arctic Region in
Summer (POLARIS).

bRange within 100 m of the tropopause is given.

cMaximum RHI in the 15-19 km height range.

dSee Kelly et al. [1993] for instrument details.

eSee Oltmans and Hofmann [1995] for instrument details and Kley et al. [1996] for description of CEPEX measurements.

fSee Weinstock et al. [1994] for instrument details.

slightly inclined from horizontal; herice, it is possible
that the temperature minimum in a particular balloon
or aircraft profile is not the point where air parcels
reached their minimum temperature. The right column
in Table 2 indicates that the profiles usually included
RHI values near 100% somewhere between 15 and 19
km, but a few profiles were remarkably dry throughout
the tropopause region. The source of subsaturated air

at the tropical tropopause could be isentropic mixing of
dry midlatitude stratospheric air masses into the tropi-
cal upper troposphere. Dry air at some locations along
the tropopause would also be expected if wave motions
were present. As indicated by the simulation with g4 3/
ity waves described above, in the descending phase of
waves, the RHI can be well below 100% even when the
mean humidity is near ice saturation.
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5. Summary and Discussion

The modeling analysis presented here suggests that
if air rises slowly across the tropical tropopause and
ice nucleation only occurs in sulfate aerosols, then op-
tically thin clouds with very low ice crystal number
densities (0.5-100 L~!) will form near the tropopause.
These clouds will freeze-dry the air to within a factor
of about 1.6 of the tropopause saturation mixing ratio.

As Rosenfield et al. [1998] pointed out, the-laminar
cirrus at the tropopause will also heat the tropopause,
effectively allowing larger water vapor mixing ratios to
enter the stratosphere; however, if no clouds form as air
rises across the tropopause, then unrealistically humid
air enters the stratosphere. Hence, we argue that the
net effect of the laminar cirrus must be to dehydrate
the air.
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supersaturated air near the tropopause (ER-2 descent on November 11, 1995), (b) An example of
dry air throughout the tropopause region (balloon-borne crycgenic hygrometer profile on March

16, 1993). See Table 2 for details.
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The simulations also suggest that the efficiency of
dehydration in this rising air increases substantially if
effective ice nuclei are present. The water vapor mixing
ratio entering the stratosphere can range from 1 to 1.6
times the tropopause saturation mixing ratio, depend-
ing upon how effective the ice nuclet are.

We also tested the sensitivity to vertical wind speed
with the temperature profile held fixed. As the ascent
rate is increased, larger ice crystal number densities
are generated. For peak vertical wind speeds less than
about 1 ¢cm s7!, the ice crystal number density is still
too low to drive the RHI well below RHI,,., so the
water vapor mixing ratio entering the stratosphere is
independent of w. If w is increased further, the relative
humidity of air entering the stratosphere is driven down
toward 100%. However, if w is increased beyond about
10 cm 57!, the ascent rate exceeds the terminal velocity
of the ice crystals and no dehydration occurs.

Two-dimensional simulations suggest that tempera-
ture oscillations driven by gravity waves can enhance
the dehydration. Air entering the stratosphere across
the tropopause with gravity waves present will have a
lower mixing ratio due to the cold temperature minima
in the wave.

With the low ice number densities in these clouds, the
number of aerosols contributing to ice nucleation is less
than 0.1% of the total aerosol population. Hence, it is
possible that a small fraction of the aerosol population
act as effective ice nuclei and control the ice nucleation
process. For example, a small number of sulfate aerosols
containing solid mineral cores might act as effective het-
erogeneous freezing nuclei. In this case, the composition
of aerosols that numerically dominate the aerosol popu-
lation (presumably sulfate with some amount of organic
material) may be irrelevant.

The ice number densities predicted in these simula-
tions are much lower than those reported in our earlier
modeling study [Jensen et al., 1996]. The difference
arises from two factors: First, in the previous study
we were using an ice nucleation parameterization which
predicted much lower values of RHI,,., resulting in
higher ice number densities (see Figure 3). Second, in
the earlier study, we forced the cloud formation with
much higher cooling rates due to gravity wave motions,
resulting in higher ice number densities.

In situ water vapor measurements provide some sup-
port for our hypothesis that supersaturated air can exist
at the tropical tropopause. In addition, the data show
that subsaturated air is also often present. These results
suggest that assuming air enters the lower stratosphere
with HoO mixing ratio equal to the tropopause satura-
tion mixing ratio is an oversimplification. We are not,
denying the importance of tropopause temperature in
controlling the water vapor mixing ratio entering the
stratosphere. Indeed, the seasonal cycle of water vapor
concentration in the lower stratosphere is no doubt con-
trolled by the seasonal cycle in tropopause temperature
[ Weinstock et al., 1995]. However, quantitative analysis
of the stratospheric entry HoO mixing ratio to within a
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few tenths of a parts per million per volume will require
a detailed understanding of the dynamical and micro-
physical processes occurring near the tropopause.

This analysis is speculative, primarily due to the
scarcity of measurements made in the tropical tropo-
pause region. In situ measurements from flights along
the tropopause would be particularly useful. Accu-
rate measurements of water vapor, temperature, ver-
tical wind speed, ice crystal size distributions, and ice
nuclei would provide a much clearer understanding of
the dehydration process.
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